Among existing methods for inundation modeling, some methods are accurate to model buildings, but costly in term of computational time while other methods require lower computational costs but constructed area may not be modeled well. The objectives of the present study are thus to compare two methods in resolving inundation area on tsunami numerical simulations and combine them to propose tsunami simulation system using FVCOM considering the fine structure of land use in unstructured grid model. Validation of the developed system comparing to experimental cases has been conducted for tsunami inundation modeling in constructed environments. General magnitudes of idealized model are reproduced well using the proposed system. The system has also been applied to simulate a Keicho-type tsunami in Yokohama in Tokyo Bay to show their differences.
INTRODUCTION
When tsunami inundated an urban area, concrete buildings are usually not swept away. Waves enter the city through the city roads. Inundation height as well as current velocity in the city roads may be higher than other areas. Conventional tsunami inundation area hazard maps may overestimate the actual inundation area because existence of buildings is not considered in the tsunami numerical simulations. It is necessary to perform inundation modeling considering the existence of concrete buildings.
There are four existing methods for inundation modeling: resolving constructed area, uniform bottom friction, spatial variation of bottom friction, and spatial variation of bottom friction considering the fine structure of land use. First method is accurate to model buildings, but requires high computational costs while other methods require lower computational costs but constructed area may not be modeled well.
Some existing methods had been applied for structured grid model only. Compared to structured grid model, unstructured grid model is able to replicate coastlines more accurate and to be utilized for large domain simulation. Up to now, unstructured grid tsunami models adopt several methods of modeling bottom roughness coefficient. However, there are no unstructured tsunami models considering bottom roughness coefficient based on building condition in densely populated region. This study aims to propose a new method considering spatial variation of bottom roughness coefficient variation that are function of land use and of the percentage of building occupancy on each grid cell in constructed environment.
Objectives of this study are firstly to compare two methods in resolving inundation area on tsunami numerical simulations: resolving constructed area and not resolving constructed area with modification of friction factor. Secondly, the present study aims to combine above methods in resolving inundation area on tsunami numerical simulations then to propose tsunami simulation system using FVCOM considering the fine structure of land use in unstructured grid model. Furthermore, this study aims is to verify the simulation system on physical experimental case and application to real case.
METHODOLOGY
An unstructured grid Finite Volume Community Ocean Model (FVCOM) 1) was utilized as the base model in this study. Research frame work is shown in Fig. 1 . Firstly, fault parameter is utilized to develop initial surface displacement 2) . At the same stage roughness coefficient parameter is developed utilizing land use data. Secondly, coastline data is utilized to develop unstructured grid mesh system. Bathymetry and land elevation data are proceeded to develop FVCOM input files. FVCOM input files are inserted to a supercomputer to carry out tsunami numerical computation using FVCOM. FVCOM is modified to include bottom friction calculation considering the fine structure of land use.
(1) Model validation method
In order to verify the simulation results using experimental results, three types of inundation modeling methods are adopted: resolved mesh cases, unresolved mesh cases, and concrete-resolved mesh cases.
Resolved mesh cases (case 1) are considered as idealized cases (see Fig. 2 ). All buildings, including concrete buildings, commercial buildings and wooden houses, are included in the mesh system and building heights are also included. Unresolved mesh cases (case 2) are considered as conventional cases. All buildings are not resolved while roughness coefficient parameters are included for all buildings. Concrete-resolved mesh cases (case 3) are developed as combination of two methods above to represent the proposed method of this study. Concrete buildings are resolved and concrete building heights are included. Other buildings (commercial buildings and wooden houses) are not resolved while roughness coefficient parameters are included to replace effects of buildings.
For each model, unstructured mesh systems are created and simulations are executed with different grid sizes and minimum friction factors.
Bottom friction condition for resolved mesh cases (case 1) is original FVCOM calculation using the logarithmic law of the wall 3) , by matching a logarithmic bottom layer to the model at a height zab above the bottom as follows: parameter in meters, is height above the bottom in meters, and Cmin (=0.001) is the minimum value of drag coefficient.
For other cases (case 2 and case 3), modified bottom friction calculation is used. In non-constructed area, a constant roughness coefficient is used (C=0.001) while in the constructed area, roughness coefficient calculation for small grid 4) is used:
where 0 n is the Manning's roughness coefficient, θ is the building occupancy ratio in the computational grid, g is the gravitational acceleration, k is the horizontal scale of houses, D is the modeled flow depth, and CD is the drag coefficient. The value of CD was set to 3.0 5) . Simulation results are compared to experimental results 6) .
(2) Model application method
This simulation system 7) is applied to a 1605 Keicho-type tsunami in Yokohama to consider its advantage. Three types of mesh systems are developed: resolved mesh with original bottom friction (case 1), unresolved mesh with original bottom friction (case 2), and unresolved mesh with modified bottom friction (case 3).
Propagation domain is shown in Fig. 3a and Fig.  3b for Tokyo Bay area, while inundation domain for resolved mesh case is shown in Fig. 3c. 
RESULTS AND DISCUSSION (1) Model validation results
Inundation depth and cross shore velocity at a wave gauge, spatial variation of maximum inundation depth, numerical sensitivity test, and statistical analysis are discussed in this sub chapter.
a) Inundation depth at wave gauge A3
Time series of inundation depth at wave gauge A3 in Fig. 2 is shown in Fig. 4 . Overestimation by unresolved mesh case may be occurred due to the minimum friction coefficient when there is no building (C=0.001), while overestimation by resolved mesh case may occurred due to the wave reflection from surrounding buildings.
Spiky inundation depths are observed in resolved mesh case. The possible reason is interaction between generated waves with resolved buildings. Hydrostatic assumptions were utilized in the numerical simulation. Thus, spiky inundation depths are observed in numerical simulation results but not in experimental results. b) Cross shore velocity at wave gauge A3 Cross shore velocity at wave gauge A3 is shown in Fig. 5 . Before 28 s, resolved mesh case reproduced the experimental results well while concrete-resolved mesh case and unresolved mesh case underestimate the experimental results. The possible reason of underestimation is inexistence of resolved buildings around the wave gauge.
c) Maximum inundation depth
Maximum inundation depth results are shown in Fig.6 . Similar patterns of maximum inundation depth are observed in the propagation area for all cases. It is shown in Fig. 6a that higher maximum inundation depth than other area is observed in the area close to the large hotels on the water front. It is the effect of reflected wave from the large hotels. This condition is reproduced by case 3 (see Fig. 6c ) but could not be reproduced by case 2 (see Fig. 6b ) because the large hotels are not resolved in case 2.
General magnitudes are similar to among cases 1, 2, and 3 in the inundation area. However, low inundation depth around commercial buildings and wooden houses in case 1 could not be reproduced by case 2 and 3 because commercial buildings and wooden houses are not resolved in case 2 and case 3. d) Sensitivity of grid size to results Fig. 7 shows the maximum inundation depth along the line B for concrete-resolved mesh cases with different minimum grid sizes. x-axis shows location of each node from wavemaker (see Fig. 2a ). Standard accuracy for inundation models with respect to laboratory data 8) is 10%. Thus, the largest grid size which meets the standard accuracy is 0.3 m.
Optimum grid size in this study is considered as 0.3 m (twice of the typical wooden house size in the experiment). The first reason is that NRMSE value of the proposed grid size meets the standard accuracy for inundation models with respect to the laboratory data (see Fig. 8 ). The second reason is that the proposed grid size reproduced maximum inundation depth at line B well (see Fig. 7) . The third reason is that the number of nodes and elements utilized in the proposed simulation is 3.3 times smaller than the idealized simulation (the second case in Table 1 , resolved mesh case with 0.15 m minimum grid size). The forth reason is that computational time of the proposed simulation is 61.5% faster than the idealized simulation (see Table 1 ).
(2) Model application results Spatial variation of maximum inundation depth, time series of inundation depth and velocity of Keicho-type tsunami simulations in Yokohama are shown and discussed below. a) Spatial variation of maximum inundation depth Fig.9 shows spatial variation of maximum inundation depth for three cases located in the right side of inundation area (see Fig. 3c ). Buildings are resolved by cutting mesh system in case 1 (see Fig.  9a ) and therefore the wave does not flow over the building area. In case 2 and 3 (see Fig. 9b and Fig.  9c) , wave flows over the building area because unresolved mesh systems are used. When concrete buildings are resolved, inundation heights in the city roads are higher than other areas.
Percentage of maximum inundation area from total inundation area of each mesh system is 14.8%, 64%, and 57.9% for case 1, case 2, and case 3, respectively. Maximum inundation area for case 1 is the smallest among three cases because buildings are resolved. Maximum inundation area simulated by case 2 is larger than that of case 3 because original bottom friction is utilized in case 2 while modified bottom friction is utilized in case 3.
b) Time series of inundation depth and velocity
Time series of inundation depth and velocity at point A and B (see Fig. 3c ) are discussed in Fig. 10  and Fig. 11 . Both figures show different inundation depth and velocity trends of case 1 at Point A and B. Inundation depth and velocity for case 1 are higher than those for case 2 and 3 at Point A while inundation depth and velocity for case 1 are lower than those for case 2 and 3 at Point B. A possible cause of the differences is the location of Point A and B. Point A is located in the coastline area and it is located between two concrete buildings while Point B is located in the inundation area. Wave has been stopped by buildings before traveling into Point B while wave travels directly to Point A. Inundation depth and velocity for case 2 are higher than that of case 3 because original friction function is used by case 2 while modified friction function is used by case 3 to include effect of building in unresolved mesh system. Fig. 10a and Fig. 11a show that inundation height and velocity in the area between two concrete buildings are higher than those in other areas when concrete buildings are resolved (case 1).
CONCLUSIONS
Two methods in resolving inundation area on tsunami numerical simulations are compared: resolved mesh case and unresolved mesh case. Combination of both methods, concrete-resolved mesh case, is proposed in this study. Although local discrepancies are observed, general tendencies of inundation depth of the proposed model followed the experimental results. Optimum grid size of the proposed mesh case is considered as 0.3 m (twice the typical wooden house size in the experiment).
Simulation of a Keicho-type tsunami in Yokohama was performed for three cases: 1) resolved mesh with original friction function, 2) unresolved mesh with original friction function, and 3) unresolved mesh with modified friction function. Differences are observed between three simulations. Assuming case 1 as idealized case, the results of case 3 are closer to the idealized case than the results of case 2 because the modified bottom friction utilized in case 3 succeeded in keeping wave speed lower when wave travels on the constructed area.
Percentage of maximum inundation area from total inundation area of each mesh system is 14.8%, 64%, and 57.9% for case 1, case 2, and case 3, respectively. Maximum inundation depth area for case 3 is closer to the idealized case (case 1) than that of the maximum inundation depth by case 2, which indicates the significance of the proposed method in urban areas.
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